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SUMMARY - PAW ONE 
A mathematical relationship is developed which allows infor -
mation about solute-solute interactions to be obtained from phase equi-
librium data. It is assumed that solute behavior can be analyzed by a 
virial type expansion, and that the resulting virial coefficients are 
a reflection of the potential of average force which influence the sol- 





analyzed by this rethod, thus obtaining second virial interaction coef-
ficients, B2 , at various temperatures for the solute pairs He-He, Ne- 
Ne, and H2-H2 when these are immersed in a liquid Ar medium. The val- 
ues of B2 for He ranged from -239 cm
3/mole at 93.2°K to -12 cm 3/mole 
at 148.2°K; the values for Ne ranged from -62 cm 3/mole at 84.42°K to 
-28 am3/mole at 129.93°K; and those for H2 ranged from -16 cm3/mole at 
94.2°K to +7 cm3/mole at 140°K. 
For the purpose of providing a physical interpretation to the 
experimental results, a simple model of solute interactions is presented. 
The results based on this model show that as a result of bringing two 
solute molecules together, in effect two solvent molecules also become 
associated and two solute-solvent pairs become separated. 
A second virial coefficient is obtained by integrating an effec-
tive solute-solute potential which also includes these changes in sol-
vent interactions; from 85° to 140°K these coefficients range from -150 
to -58 cm3/mole for He, from -73 to -24 cm 3/mole for Ne, and from -47 
to -10 cm3/mole for H2. 
Finally, experimental results are incorporated into the model 
calculations. From 85° to 140°K, the resulting virial coefficients 
range from -290 to -24 cm3/mole for He, from -51 to +30 cm 3/mole for 
Ne, and from -33 to +17 cm 3/mole for H2. In this instance, one adjust-
able parameter was used; however, its value was the sane for each sol-
ute. 
SUMMARY - PART WO 
The interaction of krypton with a copper (1, 1, 0) surface was 
investigated. Adsorption isotherm were measured at 72.8°, 79.9°, 92.2°, 
101.6°, and 108.1°K. These were analyzed by a virial treatment, which 
yielded a gas-solid interaction parameter q s/k = 1672°K. These results 
were compared with a previous work on the krypton adsorption on copper 
(1, 1, 1) crystals. Evidence that the structure of the (1, 1, 0) sur-
face has influenced the adsorption behavior is also presented. 
Potential curves for the interaction of krypton with the (1, 1, 1) 
and (1, 1, 0) face of copper were calculated by assuming the metal to 
be a lattice network of atoms which are 4.05 X in diameter, but spaced 
2.55 X apart. The calculation predicts different interaction energies 
over different areas of the (1, 1, 0) surface; the highest energy is 




INTERACTIONS REIVIED1 SOLUTE MOLECULES IN LIQUID ARGON 
CHAPTER I 
INTRODUCTION 
Just as intermolecular forces in a gas are responsible for liq-
uid formation, so too are the physical forces between molecules in solu-
tion responsible for particular protein conformations, various enzy-
matic reactions, and so on. Understanding such complex problems as 
these, or simpler problems such as the effect of concentration on solu-
bility, requires an understanding of these forces, and some theoretical 
progress has been made in this area. 
Some of the previous theoretical work in this area has considered 
that the effect of the presence of a third polarizable body is to de-
crease the interaction energy of the other two bodies. 5 This gives a 
potential function for solute molecules that resembles the potential 
function between the same molecules in the gas phase, but reduced by 
some fraction. For example, calculations based on this idea show that 
the interaction energy between two carbon tetrachloride molecules is 
reduced 17% from the gas phase value when these are present in liquid 
benzene. 6  
The goal of this work was to obtain some information about solute 
interactions by analyzing phase equilibrium data. The analysis assumes 
that the dilute solution obeys Henry's Law, in analogy with dilute gases 
obeying the ideal gas law. At higher concentrations, deviations from 
Henry's Law arise as a result of the interaction between solute mole- 
2 
3 
cules; then it is assumed that the solubility behavior can be described 
by some power series in the concentration. This is in analogy with the 
virial expansion for a gas, which is a power series in the as density. 
The virial coefficients, evaluated in either case by an analysis 
of deviations from ideal behavior, are functions of the forces that act 
between the molecules in either phase. From the theoretical considera-
tions that were just discussed, it would appear that a comparison be- 
tween the second virial coefficients for molecules in solution and the 
same molecules in the gas phase would reflect a decreased attractive 
force in solution. 
CHAPTER II 
THEOgLiiCAL 
This section will present the relations which are necessary to 
obtain the second virial coefficient for solute molecules, 4, from 
phase equilibrium data. A thermodynamic relation will first show that 
deviations fran ideal solubility behavior are contained in the activity 
coefficient, y. Statistical mechanics will then relate certain mole. 
cular parameters of the solvent and solute to this activity coefficient, 
thus connecting solute interactions to solubility behavior. This treat-
ment will require kncwledge of the partial molar volume of the solute, 
which will be obtained fran the scaled particle theory, and the fugacity 
of the solute, which can be calculated from the experimental data. 
Solution Thermodynamics  
If a particular component of a binary mixture is at equilibrium 
between the gas and liquid phases, (0, and L, respectively), then its 
chemical potential in those phases mist be equal. 7 Labelling the solute 
as component 2, then 
  
G L 
1.12  = u2 
 
The chemical potential of component 2 in the gas phase is given by 
    
4 
Equation numbers in Part One will be proceeded by Roman numeral I. 
5 
G _  
1.1 2 - P2 (T) + RTInf2 (I-2 ) 
. where f2 is the fugacity of the solute, p 2G  (T) is the chemical potential 
of an ideal gas at one atmosphere pressure, R is the gas constant and T 
is the absolute temperature. Similarly, 
.--. u2  (P, T) + RT1na2 	 (I-3) 
where p2 (P, T) is the chemical potential of the solute referred to 
infinite dilution and a2 is the activity defined by 
a2 x2Y2 
	 (I-4) 
Combining these relations yields 
In f2 /Y.2 = in y2 + [112 (P, T) - 
n* 
(T)]/RT 	 (I-5) 
For infinitely dilute solutions, the quantity f2/x2 is known as the 
Henry's Law constant. Noting that 
(ap *(T)/aN ir = 0 2 (I-6 ) 
and 
L* 
(apt (P, T) /8P), - T - 2 
(I-7) 
6 
where V2 is the partial molar volume of the solute at infinite dilution, 
the pressure derivative of equation (I-5) is then 
[(81n f/x2)/3P]T,x2 = C81ny2/31)11, ,x2 + 172w/RT 
	
(I-8) 
In the experimental phase equilibrium studies, the liquid compo-
sition and total hydrostatic pressure are both changing. The value of 
y2 depends on composition, so that In f2/x2 varies with both composition 
and pressure. It is the compositional dependence which is to be ex-
tracted from the experimental data. 
The FugaciV. 
An expression for the fugacity can be found from statistical 
mechanical consideration. 8 Consider first the microoanonical ensemble 
for a binary mixture: a large number, a, of systems, each with the 
same number of molecules of components one and two, N 1 and N2 , the same 
volume, V, and the same energy, E. The familiar procedure is to allow 
these systems to exchange energy (the total energy is constant) with 
one another, but V, N1 , and N2 of each system remains constant; this 
collection of systems is palled a canonical ensemble. At equilibrium, 
the Boltzmann distribution of energy levels is the most likely distri-
bution. The sum over all energy states of the product of the number of 
states with energy Ei times the Boltzmann weighting factor e-Ei/kT is 
called the canonical ensemble partition function, Q: 





where k is the Boltzmann constant and T is the temperature. 
This partition function then represents the sum over all acces-
sible energy states of a system with a specified N 1 , N2 , V, and T, and 
therefore represents a closed, isothermal system at constant volume. 
The Helmholtz free energy A is the characteristic thermodynamic function 
under these conditions; a comparison between statistical mechanical and 
thermodynamical equations leads to the relation 
Q(N1, N2, V, T) = e-A(Ni '  N2 , V, T)/kT 
	
(I-10) 
Unfortunately, the constraint that N 1 and N2 be fixed is not 
particularly convenient to apply to gases, since density fluctuations 
do occur. We must then sum over various canonical ensembles, each con-
taining different numbers of molecules fl i and N2 , but all are at the 
same temperature and volume as before. The molecules will distribute 
according to their free energy, and the Boltzmann factor is therefore 
eNIA/kT , where N is the number of molecules of either component, and u 
is the chemical potential of that component. 
Proceeding as before, 






 > I 
where A = ell/kT is the absolute activity and .2 is the grand canonical 
partition function, which represents the sum of the accessible energy 
states for each accessible configuration of all of the molecules. The 
8 
fixed variables are the volume, temperature, and activities of the com-
ponents, so that E is representative of an open, isothermal system at 
constant volume. 
By comparing related statistical mechanical and thermodynamic 
equations, it is found that 
PV = kTInE(V, T, u) 	 (I-12) 




Now, in order to relate molecular interactions with macroscopic 




z2 = Q01A2" 
	
(I-15) 
where, for example, O10  represents a summation over energy states for a 
collection of systems of volume V, each containing one molecule of com-
ponent one. The energy levels of the particle may then be described by 
the standard particle-in-a-box treatment of quantum mechanics. This 
ensemble resembles an ideal gas, and z 1 turns out to be the ideal gas 




N, + N2 	N 
/ Q10 Q01 t - n _ 
		1 N2 
1N2 iN 1 2 . - "14 N 1 2 
(I-16) 
where theare configuration integrals (quantitatively defined 
N1N2 
later); these represent sums over the energy states that arise as a re-
sult of the configurationally dependent energy of molecular interactions. 
A pair of attractive molecules have more accessible energy states 
than a similarly positioned pair of non-interacting molecules; attrac-
tive molecules are then more likely to assume close together configura-
tions. It is then the function of the 7 	to correct the ideal pas 
V12 
density based on the interactions of N 1 + N2 particles averaged over all 
allowable configurations. 
Substituting equations (1-14), (1-15), and (I-16) into equation 
(I-11), and noting equation (I-12), 
= 	PV/kT _ 	E 	zm 	N*2 = e 
N N > 0 1N241 z2 / Nl !N2
I 
 1, 2— 
(I -17) 
Note that zi and z2 are proportional to the absolute activities, 
Al and A2. Since the fugacity is also proportional to A, there must be 
a relation between z2 and f2 . The fugacity has the property that f P 
(P is the hydrostatic pressure) as p + 0 (p is the density); or f pkT 
as p 0. If z p as p 0 (this will be shown later), then z = 
Taking the logarithm of both sides of equation (1-17) and expand- 
ing, 
10 
P/kT = z, + z2 + b20 (T)z1 + bil (T)z,z2 + b02 (T)z; + . . . 	(1-18) 
vhere 
b10 = b01 1 
bil = (Z11 - V2)/V 
 b20 = (Z20  - V
2 )/2V 





For the partial pressure of one component, equation (1-18) becomes 
1 
P IkT = x1P/kT = z, + b20z1 + (1/2)bilziz2 + (1-23) 
Substituting z = f/VP, 
	
xiPikr = filkT + b20 (fi/kT) 2 + (1/2)bilf,f2/(kT) 2 + . . . 	(1-24) 
The inverse of this equation is 
fl/kT = x1PAT + 
B20  (x
iP/kT) 2 + (1/2)Bilxix2 (P&T)






1311 = -bli 
	 (1-27) 
Equation (I-25) is the desired relation, and may be rearranged as 9 
f1 = x1PC1 + B20x1(P/kT) + (1/2)B11x2 (P/kT) + . . .] 	(1-28) 
There are several points which require further explanation. It 
was previously assumed that z p as p 0; this can be shown by con-
sidering that 
(1-29) p. = z.(a(P/kT)Paz.) T,z . v 
Applying this to equation (I-23), 
pl = z1 + 2b20z 	b11z1z2 	' • • 
The inverse is 
z, = (31 - 2b20.o2 
	
1 - "11 P1P2 	' • 
(I-30) 
(I-31) 
Thus, z1 ol as p1 ►  0. 
Finally, some discussion should be given to the definition of 
B20 and B. From equations (I-23), (I-26), (I-27), and (I-31): 
12 
PlikT pl B20 (p1 ) 2 	(1/2)B11(P1P2) + . . . 
	 (1-32) 
Equation (1-32) is just the virial expansion for one component of a 
binary mixture with virial coefficients B 20 and B11. Furthermore, from 
equations(I-20), (1-21), (1-26), and (1-27), 
B11: -(Z11 - V2 )/V 
	
(1-33) 
B20 = -(Z20 - V2 )/2V 
	
(I-34) 





= e- - LI1N2/T  d{N1}d{N2 } 
V 
(1-35) 
where d{N1} = dr1r2 ...dr and UN N is a function which describes the M1 	1 2 
potential interaction energy between N 1 and N2 particles. Then 
B
20 
= -1/2 	(e-U20/kT - 1)4mr2dr 
- Ull / kT 









where U20 is the potential energy function for two molecules of compo-
nent 1, and Ull is the function for one molecule of component 1 and one 
molecule of component 2. 
13 
Relation between Solute Interactions and the Activity Coefficient  
In the phase equilibrium data which will be analyzed, the liquid 
phase consists mostly of one component, the solvent, held at constant 
temperature and pressure, and containing small numbers of molecules of 
the second component, the solute. The canonical ensemble for a mixture 
Q(N1, N2, V , T) may be summed over the volume to obtain the isobaric 
partition function Am : 
"2 
E Qv(Nil N2 , T)e-PV/kT 
 2 V 
(I-38) 
In the actual experiment (dissolving a gas in a liquid), N 2 is not a 
fixed quantity. The function A N is then summed over the distributions 2 
of the solute molecules: 
r(N1, P I T p2 ) = 	E AN (Ni, P, T)e
N2V2/kT 	(1-39) 
> 0 	;2 
r is a semi-grand partition function, open with respect to component 
two but closed with respect to component one, for a collection of sys-
tems held at a fixed temperature and pressure. The relation to thermo-
dynamics is 
r(N1 , P , T , p2 ) = e 
-N101/kT 
*
The relations in this section are itIoni Hill.
8,10
For simplicity, his 
notation is used here. 
14 
The quantity on the right in equation (I-39) is actually a power 




This quantity will be replaced by a more practical activity, a 2 , with 
the properties a2 m2 as 	4- 0, where m2 = N2 /141 . 
It will also prove advantageous later if equation (I-39) is put 
in a particular form. Dividing through by the leading term A 0 , and 
making the substitutions (compare with equations (I-16) and (1-15)) 
 
XN = mANA0 - Ni/A, 
	 (1-42) 
a2 = X2 (A1/A(N1) 
	
(1-43) 
where the subscript on N2 has been dropped, since the sums are always 
over N2 . Then, 
r/A o 
= 1 + E (XaN!)a  2 N > 1 " 
(1-44) 
Referring again to equation (1-40), in the limit as m2 • 0, 
Niu,(P, T, 0) = -kT1nA0 	 (1-45) 
where pl(P, T, 0) is the chemical potential of the pure solvent. 
15 
Then defining 
Wi(P, T, a2 ) = p l(P, T, a2 ) - Pl(P, T, 0) 
and noting from equation (I-40) that 
-V1 (P 1  T , a2 )/kT = 
then from (I-45), (I-46), and (I-47) 




If either side of equation (I-48) is exoressed as a power series 
in the activity a2 , then 
T, a )/kT = (1/N )1n(r/A 	 .(P T)a2 1 ' ' 2 	 o
) = 	E (3 3 
2 	 (1-49) > 1 
The coefficients O j may be evaluated in terns of the integrals XN by 
noting that 
rg,o = 1 + E [In(r/A )]
N / N! 
N > 1 	0 
(I-50) 
Then by substituting equation (I-49) on the right hand side and 
equation (I-44) on the left hand side of equation (I-50) and equating 
like coefficients, the following relations are found: 
16 
1!N101 = 
2!N102 = X2  - X2 
3!N103 = X
3 










 so from equation (I-51), 
0 - 1. 1 - 
The quantity m2 is easily obtained fran experimental data whereas 
a2 is not. The relation between these can be found from the Gibbs-Duhem 
equation: 
a2 [9(-1.6.1kT)l8a2 3 P,T = Yrt 
Applying this to equation (I-49), 
m (P T , a) = E je.(P, T)a12 
2 ' ' 2 	j > 1 3 
Assume there is an inverse to this series of the form 
= -E dk(P, T)m2 




(the logarithm form is far later convenience). Then, since m 2y2 = a2 , 
Ina2 = In)/ + inni2 	 (I-57) 
17 
Substituting equations (1-55) and (1-56) into equation (1-57), 
Ina2 = -E 6k(P, T)m2 + ln[ E je4 (P,T)a; 
k > 1 	 j > 1 
(I-58) 
Ina2 = -E 6k(PT)r E j0.a2 3 31( + ina2 + in(). + E j014 1)(1-59) k > 1 	j> 1 J 	 j> 2 
Then upon expanding the logarithm on the far right and equating like 
powers of a2, 
61 = 202 (1-60) 
62 = 303 - 602
2 
(I-61) 
Referring back to equation (1-56), it can be seen that the activity 
coefficient Y2 has now been expressed as a power series in the molality 
m2, with coefficients that can be related to configuration integrals 
(note equations (1-51)-(1-53)). 
The task of evaluating the XN begins with the assumption that 
solute-solute interactions can be characterized by virial coefficients 
BN of the type used in the last section; for example, equation (1-36) 
would be analogous to B2 , with U20 describing the potential of average 
force between two solute molecules. 
Actually, the exact relations would be found from an analysis 
similar to that of the last section, but for a pure, single component 
gas. For such a situation, equations (1-16) and (1-17) become 




T)zN/N! = 1 + 	ZN(V, T)zN/N! 
N > 0 N > 1 
(1-63) 
Equation (1-18) reduces to 
P/kT = E b,(T)zj 	 (1-64) 
1 > 1 
By taking the logarithm of equation (1-63), expanding, and comparing 
the coefficients with those of equation (1-64), 
b1 = Z1/1!V 
	
(1-6 5) 
b2 = (Z2 - Z1)/2!V 
	
(1-66) 
From equation (1-62), Z1 = V, therefore bl = 1 (recall b10 = 1). Sub-
stituting -b2 = B2 , solving for the configuration integrals ZN, and 
using the notation that will characterize solute interactions, 
18 
( Zi = V 	 1-67) 
19 
* Z2 = -2VB2 + V2  (I-68) 
Thus, the solute-solute interactions are defined exactly as are the 
molecular interactions in a gas. 
The second step in evaluating the XN is to consider the nature 
of the solvent. Hill gives as an example an inert, incomrressible lia-
uid whose volume is just 
V = 
An inert solvent is one whose molar volume does not change upon the 
addition of solute. 
The solution is also incompressible, with the volume 
V =V +NV 0 	2 2 
for the pure solvent, 
Q(N1 , N2 = 0, V) = Q06 -(V - V0) 
(I-70) 
(I-71) 
where cr(V - V0) is the Dirac 6-function which may be used because of 
the assumption of incompressibility. Equation (I-71) means that pure 
solvent exists as only one state, that with V = V 0 . In general, Q has 
only one value for each value of N2 „ and 
20 









 is the canonical ensemble partition function of the sol- 
ute molecules (this could also be denoted as Q01*N ). Then from equation 
(I-38) 
a AN = Ce-P(Vo + NV2)/kTy)04 	 .(Vo + NV2 ) / il!A2 g  (1-73) 
The desired result is near, since the XII are defined in terms of 
the 	From equation (1-42) 
= 2:A2A0N1 / Ai 
SUbstituting equation (1-73) into equation (1-74) yields 
X = N2 - 2N2B/V + 2V N2/V 
2 	1 	1 2 0 	2 	0 
Then from equations (1-69), (1-52), and (I-60), 
61 = -2[(14/1/1 ) - (V2/V1 )] 




lny;(P, T, 	= -21(V2/V1) - (B2/1/1)]m2 	 (1-77) 
21 
Equation (1-77) gives the activity coefficient in terms of V 2 , 
Vl' and B . V2 will be the subject of the next section V 1  is known 
* 
from published data on the molar volume of pure solvent, and B 2 will be 
left as the only unknown in the final equation. 
The Scaled ParticlEe'hala 
There has been much work recently on a theory of solutions known 
as the scaled particle theory, which will be used here to provide theo-
retical values of the partial molar volume of the solute. The general 
approach presented here has mostly been taken from Pierotti. 11 
The chemical potential of a solute in some liquid solvent can be 
expressed as12 
u2 	2 + 2  + RT1n(A/j 2 ) + RT1n(N2/V) 2  (1-78) 
where U
2 is the potential energy of the solute in solution relative to 
infinite separation, P is the hydrostatic pressure, V2 is the partial 
molar volume of the solute, N 2/V is the number density of solute mole-
cules in solution, and V/A; and j 2 are molecular partition functions. 
Since 
(412 /313)T N 	ij2 
	 (1-79) 
then 




The last term of this equation can be put in a more convenient form. 
Since for sufficiently dilute solutions V = N 13/1 , then 
(N2 /V) = (N2 /N1V1 ) = (0.1 ) 	 (1-81) 
The evaluation of the other terms is more difficult; this is 
where the scaled particle theory is used. Consider the solution process 
to occur in two steps: 
(1) A cavity, just large enough to accommodate the solute mole-
cule, is created in the solvent. The reversible work re-
quired to create a mole of such cavities is T‘. 
(2) The solute molecule is introduced into the cavity. The mole- 
cule interacts with the solvent according to some potential 
function, yielding a reversible work of interaction, 
The sum of these terms, Tk + 7c , may be identified with -U2 + PT/2 of 
equation (1-78). Making this substitution along with (1-81) yields 
V2 = (idciaP)T,N + (ialiap)T,N + RT8T 	 (1-82) 
where ar is the isothermal compressibility of the solvent. 
Reiss, Frisch, Helfand, and Lebowitz
13 
 have developed an expres-




where r is the cavity radius given by (al + a2 )/2 and a is defined as 
the distance of closest approach of two molecules originally infinitely 
far apart with no kinetic energy. 
These authors evaluated the coefficients and found 
3 
Ko = RT{-lna - y) + 9/2[y/(1 - y)] 2 } - (mPa1/6) 	(1-84) 
Ki = -(RT/a1 ){6y/(1 - y) + 18[y/(1 - y)] 2 } + wPa
2 
1 	(1-85) 
K2 = (RT/a1){12y/(1 - y) + 18[Y/(1 - y)] 2 1 - 2nPa1 	(1-86) 
K




where y = ma ial/6 is the reduced number density of the solvent, and the 
other symbols have their usual meaning. 
Substituting the relations (1-84)-(1-87) in equation (1-83) 
yields, after some rearranging, 
/RT = -ln(1 - y) + 3yR/(1 - y) + [3y/(l - y) + (9/2)y/(1 - y)2]R + 
N0yPR3T 	 (1-88) 
where R = a2 /a1 . Then 
(8dc/3P)TN = YO/RT(1 - y) -3[(1 - y) 2 + 
3R(1 - y + R(1 + 2y))] + N0ma2/6 	 (1-89) 
24 
The interaction energy E i may be found by summing all of the 
individual solute-solvent interactions averaged over all configurations 
of the solvent. This sum can be replaced by the integral 
i = N0i  fE(r.)47r2 Pg(r)dr 	 (I-90) 
V 
whereyr.) is the function that describes pairwise interactions, p is 
the solvent number density, and g(r) is the radial distribution function. 
Since g(r) is generally unknown, it nay be approximated as being unity 
outside the cavity radius. Then if the Lennard-Jones (6-12) potential 
describes Ei(r), 
Ei = NO127612 [(112/r)6 - 12 
/r) 12] 0"r2dr 	 (1-91) 
cr12 
This is easily solved, and is 
Fi = -(32/9)N0mp1.612e12 
It is known from thermodynamics that G = E + PV - TS. It might 
be assumed that the volume of the cavity created in step one of the 
solution process mightdecrease somewhat during step two. Since a de-
crease in volume would probably change the solvent configuration about 
the cavity, the "PV" and "TS" terms should be considered. However, there 
is no known procedure for calculating these changes. Knowing that these 
terns should be small, the approximation will be made that -61. = 
25 
Then substituting this in equation (1-92), and taking the pressure 
derivative, 
( 9 ./9P )T ,N = (-32/9)N0012c12 [- (No/V1)(8V1/8P)] = &rGi 	(1-93) 
Thus, V2 may be found by substituting equations (I-93) and (1-89) in 
equation (1-82). Since the calculations involved here have assumed the 
presence of only one solute molecule in the solvent volume, then the V -2 
 calculated here is in fact V20D . 
Summary  
The relation between the activity coefficient in equation (I-8) 
and that in equation (1-77) is 
y = y(1 + m) 
2 	2 
(1-94) 
Substituting equations (1-94) and (1-77) into equation (1-8) yields 
aln(yx2 )/9P = n-21(1/2 /1/1 ) - (4/1/1))myap + 
(8y8P)/(1 + m2 ) + 7/RT 	 (I-95) 
This equation may be further simplified by noting that under the con-
ditions of infinite dilution, 1/(1 + m 2 ) = 1, and V2 = V. Then by 
neglecting the compressibility and expressing all volumes as molar vol-
umes, 
26 
B2 = (1/2)V1  raln(f2/x2 )/ap - a w/R1/(37y9P) + V2 - V1/2 	(1-96) 
The rift side of equation (1-96) can be evaluated from experimental 




The methods developed in the previous section were applied to 
phase equilibrium data on the He-Ar, 122 Ne-Ar, 3 and H2- r4 systems. 
Generally, the experimental procedum employed in these studies was to 
inject some of the solute gas into a closed vessel containing some con-
densed argon held at a fixed temperature. Some solute gas would dis-
solve in the argon; mechanical agitation would insure that equilibrium 
was reached. Then samples of the liquid and vapor phases were taken 
for gas chromatoRraphic analysis; the temperature and total hydrostatic 
pressure were measured at the same time. The GC analysis provides the 
liquid and vapor compositions, which are then known as a function of 
temperature and pressure. 
Volk and Halsey4 used a volumetric apparatus such that measured 
numbers of moles of hydrogen and argon could he mixed in a cell of known 
volume. Fran measurements of the temperature and pressure of the sas 
mixture in the cell, the liquid and vapor compositions were calculated. 
The solubility of these gases in argon is not very high, so that 
the theoretical procedure of summing over the distributions of small 
numbers of solute molecules in systems held at fixed temperature, pres-
sure, and number of solvent molecules is appropriate. 
The data may be characterized as follows. The liquid phase com-
position of the He-Ar system was reported by Sinor and Kurata 2 for four 
temperatures from 93° to 148°K, and for pressures up to 136 atm. The 
smoothed data of Mullins and Ziegler1 gave the liquid and vapor phase 
composition at 5° intervals from 85° to 110°K, and at 5 atm. intervals 
up to 120 atm. Volk and Halsey4 provide the same data for the H 2-Ar 
system for seven temperatures between 87° and 140°K, and far pressures 
up to 100 atm. Finally, Streett3 provides the liquid and vapor compo-
sition of the Ne-Ar system for seven temperatures between 84.42° and 




The first step in the application of equation (1-96) is to cal- 
* 
culate the fugacity according to ecuation (1-28). Hirschfelder, Curtis 
and Bird14 provide a convenient means for calculating the required virial 
coefficients from the Lennard-Jones interaction parameters. First, the 
reduced temperature is defined as 
Tt  = kT/ 
	
(I-97) 




where B is the required second virial coefficient and b0 = (2/3)1010a3 . 





did not report the gas phase composition, which is 
required in this equation. The He pressure was taken to be the total 
pressure less the vapor pressure of Ar, which was calculated according 
to PA, = P0expCV1(P - P0)/RT] where P is the total pressure and Po is 
the vapor pressure of pure Ar. Then X2 = P(He) /P ' 
29 
b 	 3 	1/3 	b0(2)
1/3}3 
0(12) = (1/8){1 0(1) 





The mixed coefficient calculated in this manner is equal to half of B 11 
 (note the relation between equations (1-36) and (1-37)). Table 1 gives 
the values of the Lennard-Jones interaction parameters used in these 
calculations. 
Next, the derivatives required in equation (1-96) were found by 
plotting ln(f 2/x2) and m2 (= x2/x1) versus PTotal , and then fitting by 
a least squares analysis those points which were judged to lie on the 
initial straight line (sometimes the lowest pressure measurement was 
discarded, owing to a larger relative experimental error in this pres-
sure region). Examples of such plots are shown in figures 1 and 2. 
The scaled particle theory was used to calculate V2c° according 
to equations (1-93), (1-89), and (1-82). This calculation required, 
besides the parameters given in table 1, the nolar volume and isothermal 
compressibility of Ar. Mullins and Ziegler' give the coefficients and 
the vapor pressure P o of the following equation for Ar at 5° intervals 
from 85° to 145°K (see appendix A): 
Vl = Al + A2 ( P - P0 ) 4. A3 (P - P0 ) 2 
The isothermal compressibility, ST = -(1/v)(8w8p)T , is then just 
-A2/Al . Table 2 shows the values of V2°3 calculated by this method, and 
31 
Table 1. 	The Values of the Lennard-Jones Interaction 
Parameters Used in this Study 


















Fipure 1. APlot of Inf2/x2 versus Pressure (film Sinor and 
Kurata's data at 93.2° K) 
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Fipure 2. A Plot of m2 vs. Pressure (from Sinor and Kurata's 
Data at 93.2°K) 
 Table 2. Values of V2
Dot 
 for Several Solutes in Liquid Argon 
He 
Scaled Particle Theory 
Ne H2 
Volk and Halsey 
H2 
 
T V2c° T 112°3 T V2c° 2c°* 
85 23.8 84.42 23.4 87.0 28.4 87.0 30 
90 28.5 87.42 26.0 94.2 33.3 94.2 30 
95 32.6 95.82 32.5 100.0 37.6 100.0 31 
100 36.2 101.94 36.0 110.0 43.0 110.0 34 
105 39.1 110.78 40.0 120.0 45.3 120.0 36 
110 41.5 121.36 42.5 130.0 49.7 130.0 39 




The values are Fiven 
Estimated uncertainty 
concentrations of 2-5 
in om3/mcle; the temperatures are in °K. 
is ±4 cm3/role; values were measured at H 2 
 mole percent, and pressures under 60 atm. 
These last four values are for Simr and Kurata's data. 
34 
also measured values of V2c° for H2 - reported by Volk and Halsey. 4 
B2 can now be calculated according to equation (1-96). These 
values are given in table 3, and are presented graphically in figure 3. 
35 
Table 3. Values of B2 
Fe Ne H2 
T B2 B*  '2 B2 
85 -171 84.42 -62.3 87.0 -12.2 
90 -176 87.42 -46.5 94.2 -16.3 
95 -186 95.82 -59.7 100.0 -18.2 
100 -161 101.94 -48.3 110.0 -6.3 
105 -126 110.78 -36.3 120.0 -6.3 
110 -90 121.36 -31.9 130.0 -0.1 
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Figure 4 presents the values of the second virial coefficients 
for He, Ne, and H2 when these exist as dilute gases. A comparison be-
tween figures 3 and 4 shows a large difference in the values of these 
coefficients when the surrounding medium changes from a vacuum to a 
dense, interacting fluid. An examination of equation (I-36) shows that 
this change must result from a change in U20, the potential of average 
farce between the two molecules. Since it is unreasonable that this 
results from an increase in the dispersion interactions (actually, the 
dispersion interactions should decrease), an alternative explanation 
must be found. 
It must first be assumed that configurations of solute molecules 
are not independent of those of the solvent. This is equivalent to 
saying that the solute molecules are not dissolved in the void spaces 
of the liquid (hence movement is not restricted to motion through void 
channels); if this were not so, the partial molar volumes of the solutes 
would be negligibly small (also, recall that step one of the solution 
process of the scaled particle theory requires creation of a volume 
large enough to accommodate the solute molecule). 
A different configuration of solute molecules must therefore 
result in a different configuration of the solvent. For the experimental 
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Figure 4. Values of Gas Phase Virial. Coefficients for He, Ne, and H2 
39 
40 
the solvent were roughly equal; in such a situation, different solute 
configurations can be achieved in a rough manner by simply trading the 
positions of solute molecules with solvent molecules. 
This notion can be used to calculate the potential energy of a 
solute as a function of its position in the solvent. Consider first the 
situation shown in figure 5, where solvent molecules are labelled as 1 
and solute molecules as 2. The solute-solvent pair in the center of 
figure 5A will trade positions, resulting in the configuration shown in 
figure 5B. Denoting the interaction energy between molecules 1 and 2 
located a distance "a" apart as E 12 (a), then the energies of the 
systems shown in figures 5A and 5B are 
EA  = E11  (a - x) + E12(a + x) + E11  (a + x) + 
E12(a x) E12 (2x) E11(2a)  
EB Ella x) E12 (a  x) E11(a 
E12 (a + x) E12 (2x) E11 (2a) 
The difference in energy between the two configurations is 




Since all the molecules in the solvent may be represented as 
these fixed, symmetrical pairs, then the potential energy of the solute 
molecule is independent of position in the solvent (as long as it is 
E- 2x 3 
0 
a 	 a 
a a 
SA. The initial configuration, before the pair of molecules in 
the center have traded positions. The other two molecules 
are located symmetrically about the midpoint between the 
center pair. 
5B. The final configuration. 




not near the surface). 
This situation changes if there is a second solute molecule in 
the vicinity. Then one of the fixed solvent molecules will find this 
second solute as its partner, and these do not represent a symmetrical 
pair. All other solvent molecules nay be treated as symmetrical pairs 
as before, and need not be considered further. The situation is shown 
in figure 6, and, as before, the energy of the system shown in figure 
6A is 
and 
EA  = E21(a - x) E22 (a x) E11(a  x) 
E21(a - x) + E12  (2x) + E12 (2a) (I-105) 
Then 
EB E21(a x) E22 (a x) E11(a  x) 
E12 E21(a x) 	(2x) + E12 (2a)  (1-106) 
AE = E
B 	
= E22 (a - x) E22(a + x) + E11(a - x) 
E11 (a + x) + 2E12 (a + x) - 2E12(a - x) 	 (1-107) 
This model shows that the configurations which result in closer solute-
solute distances must also contain some closer solvent-solvent pairs, 
while some solvent-solute distances must increase. Thus, as the solute- 
F 2x. -3  
a 
43 
F-- a 	)(H_________ a  
6A. The initial configuration as in 5A, but in the vicinity 
of a second solute molecule. 
6B. The final Configuration, where the solute molecules are 
closer together. 
Figure 6. Configurations ofrItgo Solute Molecules in Otherwise 
Pure Solvent 
44 
solute dispersion interactions change, the solvent interactions must 
change accordingly, as in equation (I-107). 
Assure that the Lennard-Jones (6-12) potential describes these 
pairwise dispersion interactions. Let r be the distance between solute 
molecules, and, in analogy with equation (I-107), 
U* = 4e1a1 [(1/0 6 - (4/r12)] + 4E2*(1/0 6 - 
(a6/42)] - 8c1242 [(1/r) 6 - (42/r12 )] 	 (I-108) 
If the approximation is made that the repulsive terms are all equal to 







- CT1 /r) 12 ] 
	
(I-109) 
where e* = el + e2 (a2/a1 )
6 - 2c12(a12fa1)
6 . Table 4 contains values 
of e
*
/k, calculated from data in table 1. Then U from equation (I-109) 
nay be substituted in equation (I-36) to find B. Alternatively, of 
course, the tables in Hirschfelder, Curtis, and Bird nay again be used 
to perform this integration; the resulting values of are given in 
figure 7, along with the past experimental results for comparison. 
The model just presented is rather crude, but its very physical 
basis makes it attractive, and it does a fair job of predicting the 
experimental results. One of its obvious faults is that it does not 
depend on the density of the solvent. As the density decreases (the 
density of Ar decreases by a factor of two when the temperature 
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Figure 7. B2 
• 
as Calculated from Equation (1-109) 
47 
increases from 85° to 145°K), B*2 must begin to approach the dilute gas 
values (the experimental results appear to do this). This would indi-
cate that a density (or temperature) dependent potential function is 
required. 
In the process of dissolving a molecule, solute-solvent inter-
actions are created at the expense of solvent-solvent interactions. The 
difference in the energy between these types of interactions contributes 
to the work, W, required to dissolve the solute molecules. The change 
in energy when two solute molecules approach each other is also related 
to changes in such interactions, and might therefore be related to W, 
which would, of course, reflect such variables as solvent density. 
The Henry's Law constant is defined as 
KH = Lim f2/x2 
x2 + 0 
It is therefore the value of f2/x2 at P = P0 , and mall be found from a 
plot such as figure 1. Thus it is independent of any of the quantities 
i used to find B2 n equation (1-96). Values of ICH are given in table 5. 
The Henry's Law constant is related to the work W required to dissolve 
the solute byll 
W = RTIn(q 1/RT) 	 (1-111) 
The quantity 6W, where 6 is an adjustable fraction, is now substituted 
for 	in equation (1-109). The value of 6 is changed until a good fit 
Table 5. Values of KH , Determined from the Experimental Data 
T(°K) KH 	T(°K) 
(He -Ar) 1 
KH 




 (H2 -Ar) 4 
85 13700 	93.2 8740 84.4 1130 87.0 845 
90 10300 	113.2 3370 87.4 1030 94.2 754 
95 7870 	133.2 1440 95.8 977 100.0 694 
100 6100 	148.2 489 101.9 860 110.0 600 
105 4770 110.8 721 120.0 530 
110 3760 121.4 571 130.0 456 
129.9 430 140.0 402 




to the experimental values of 14 is obtained. The results when 6 = 0.40 
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Figure, 8. Values of B2  as Calculated from the Henry's Law Constant 
CHAPTER VI 
CONCLUSION 
Assessment of Results 
The results presented here (comrare figures 3 and 4) show that 
the attractive forces between molecules in solution are different from 
the forces in the as Phase, but not in a ranner that can be accounted 
for simply bri assuming a reduction in the pair potential when in solu-
tion. Instead, a model which assumed that the solvent exerted some ad-
ditional force was reasonably successful in predicting the experimental 
results. Values of effective force constants are given in table 4. 
From the success of this model, it may be considered that the po-
tential energy of both the solute and the solvent vary with solute-sol-
ute separation, and therefore both rust be considered before solute-sol-
ute behavior can be determined. This would be particularly important in 
aqueous solutions, because of a rather large solvent-solvent interaction 
energy. 
Recommendations for Future Work  
This analysis should be extended to other systems, not only to 
provide a check on the conclusions drawn in this work, but also to in-
crease the number of experimental values which can be compared with 
various theoretical treatments. The new sYstems should be of increasing 
differences in the interaction energies of the solute and the solvent. 
51 
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The results of the present treatment partly rely on the results 
of the scaled particle theory. It would be advantageous to use experi-
mental values of the partial molar volumes of the solutes, and future 
experiments should obtain these. 
Future studies should look at aqueous solutions, not only because 
water is the most common and interesting reaction medium, but also be-
cause the interaction energy of the dipolar water molecules is so large. 
Some of the commonly observed behavior of solutes in water is 
consistent with the conclusions just drawn. For example, it would be 
exrected that two molecules comrosed of a hydrocarbon tail at one end 
and a polar group at the other end would interact with each other in 
aqueous solution as follows. The hydrocarbon tails interact relatively 
little with the water, and the solvent forces them together, whereas the 
polar ends may interact strongly with the water dipoles and would there-
fore be forced apart, in order to increase their interaction with the 
solvent. Such behavior is commonly observed for soap molecules and in 
micelle formation. 
Conceivably, it would be possible to experimentally determine 
. 
values of B2 in water for a partial series of several groups of mole- 
cules, such as hydrocarbons, alcohols, ketones, amines, etc., and deter-
mine the interactions between specific groups; for example, carbonyl 
groups. It might then be possible to determine the role of the solvent 
in such problems as enzyme-substrate bondina, for example. (It must be 
mentioned that the enuations presented in this work are not directly 
arplicable to aqueous solutions; this includes enuation (I-g5).) 
53 
Possibly some relation between pair interactions in solution and 
surface tension could be investigated. Surfactants tend to be concen-
trated near the liquid surface for probably much the same reason that 
solute molecules may be forced together. Imagine in figure 5A that the 
solute-solvent pair in the center are near the liquid surface, so that 
many solvent molecules in the liquid do not find a solvent molecule 
symmetrically located from the midpoint of the central pair. Each of 
these molecules would contribute a tern analogous to equation (I-107) 
(less the E22 term and one E12 term), with the result that solvent-
solvent interactions decrease and solute-solvent interactions increase 
as the solute moves into the bulk away from the surface. Salts, for 
example, do not raise the surface tension of water because they have a 
low concentration in the surface region. It might then be inferred, 
from the conclusions drawn in this uork, that this is because the solute-
solvent ion-dipole interaction is stronger than the solvent-solvent 
dipolar interaction. Ion pairs are then kept apart in water solutions 
because of this, and also because the charges on the ions may be masked 
by the water dipoles (reducing the E 22 term in equation (I-107)). 
PART TWO 
THE INTERACTION BETWEEN KRYPTON AND TIE (1, 1, 0) 




Physical adsorption and imperfect gas behavior are two closely 
related phenomena associated with molecular interactions. The theory 
of non-ideal gas behavior is much more developed, and has often been 
applied to physical adsorption problems. The theoretical treatment 
used in this work is an example of this, and the parallels between 
physical adsorption and the better understood phenomena of imperfect 
gas behavior will be discussed further. 
The properties of real gases are easier to understand if they 
are discussed in terms of deviations from ideal behavior, which in turn 
is simply a statistical description of the properties of a collection 
of non-interacting particles. A very good example of such a treatment 
is the virial expansion for an imperfect gas. 15 The virial expansion 
for a binary gas mixture was derived in chapter II, Part I, as equations 
(I-11)-(I-37); the result for a single component gas is (see also equa-
tions (I-62)-(I-66)) 
P/kT = p + B2 (T)p2 + B3 (T)p 3 	. . . = p + pi(T)pi 
where P is the hydrostatic pressure, k is the Boltzmann constant, T is 
*
Equation numbers in Part Two will be preceeded by Ronan numeral II. 
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the absolute temperature, p is the density N/V, and the B i are the 
virial coefficients which are related to the i particle configuration 
integrals; see, for example, equations (I-34), (I-35), and (I-35). 
In the limit as p 0, equation (II-1) reduces to the ideal pas 
equation. The additional terns then represent deviations from ideality 
which are caused by molecular interactions. For instance, according to 
equation (I-36), B2 is an integral over the additional energy levels 
which may be occupied as a result of the interactions between just two 
molecules. Now, as the pas density increases, pair and higher inter-
actions become increasingly important in determining the properties of 
the gas, just as the higher terms in the series (II-1) then reflect 
greater deviations from ideal properties. 
In order to determine the effects of molecular interactions on 
gas behavior, imagine first a collection of non-interacting particles 
of infinitely small size. The equation of state is the ideal gas equa-
tion. If these particles are given a finite size, then part of the vol-
ume of their container is no longer accessible; it is occupied by other 
molecules. The ideal gas equation does not hold, because the container 
volume no longer describes the accessible volume; actually, there are 
fewer energy states available to the molecules. Now imagine that dis-
persion interactions occur between these particles. These interactions 
are always attractive, meaning that close together configurations of 
molecules represent states of lower potential energy. This means that 
additional energy states may become accessible, with the result that 
the molecules will spend more time in close proximity to one another. 
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Whether or not more states become accessible depends on the temperature. 
Thus at high temperatures, dispersion interactions do little to effect 
gas properties; deviations from ideality are, however, caused by the 
excluded volume of the molecules. B 2 (T), for example, would in this 
situation be positive. As the temperature is lowered, the molecules 
tend to pack together; the resulting behavior is as if more volume be-
came accessible to the system (that is, the number of accessible energy 
states is preater than that predicted by the container volume), and 
B2 (T) becomes negative. 
This imagined experiment is in many ways similar to volumetric 
physical adsorption experiments. The pressure, temperature, and volume 
of a sample of adsorbate gas is carefully measured. Assume that equa-
tion (II-1) is the equation of state for the gas, with the B i accounting 
for dispersion interactions between the gas molecules. The number of 
moles in the sample can be calculated by first multiplying equation 
(I-64) by V, then: 
PV/kT = E Vb.(f/kT) 3 	 (II-2) 
j > 1 1 
Substituting this relation into equation (1-13) gives 
= E jVb.(f/kT) 3  
3 
where theto . are related to the virial coefficients of equation (II-1); ] 
see for example equation (1-26). 
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Next, this dose of gas is physically allowed access to the 
adsorbent, and the pressure, temperature, and volume are carefully 
measured again. The number of moles is recalculated, and may be found 
to be less than what was in the original dose. This is because if the 
pas-solid interactions are large enough, then some gas molecules will 
spend much of their time close to the adsorbent; these are effectively 
removed from the gas phase, and are said to be adsorbed. 
Imagine, however, that additional gas was added to the system 
so that the fugacitv was the same as before the adsorbent was introduced. 
The correct virial expression will still accurately describe the number 
of moles in the system, even when the adsorbent is present: 
Tr" =
> 1 
iVb (f/kT) 1 
J 
wheretheY:also includes the gas-solid interactions. Then the number 
of moles which are adsorbed is given by 
Na 	 3 
= 
3 
E jV(Y: - b.)(f/kn i 
This may be rewritten as 
 
Na = E B. 3 + 1, s (f/kT)1 
where, for example, B 2s is the second gas-solid virial coefficient and 
results from the interaction of just one molecule with the entire solid. 
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The configuration integral for B 2s may be solved if some poten-
tial function is assumed for U ls . It has been shown that the Lennard-
Jones (3-9) potential function adequately describes this interaction; 
the configuration integral may then be solved to Five
17 
B2s = Az0  E (9t!)-1[(34e s  /2kT)] (6T 1)/91[(3t - 1)/9] 	(II-7) T = 0 	 l 
where A is the adsorbent surface area, z 0 is the distance where the gas-
solid potential is zero, qs/k is the minimum in the gas-solid (3-9) 
potential function, and r[ (3t - 1)19] is the gamma function. If B2s is 
determined at several temperatures, Az 0 and qs may be determined from 
the set of such values which, when used in equation (II-7), give the 
best agreement with experimental values. 
The purpose of this work was to investigate the adsorption prop-
erties of krypton on the (1, 1, 0) surface plane of single crystals of 
copper. The results are to be analyzed by the virial treatment, to 
yield values of Az 0 and qs. These results are then to be compared 
with the results of Carden's work17 2 18 with the adsorption of krypton 
on the (1, 1, 1) crystals. Since the only significant difference be-
tween these two adsorbents is the geometry of their surface atoms, this 
aspect should now be discussed. 
The packing of surface atoms in the (1, 1, 1) and (1, 1, 0) plane 
is shown in figures 9A and 9B. The atoms in the (1, 1, 1) plane are 
closest packed and are 2.55 X apart. The packing in the (1, 1, 0) plane 
consists of rows of copper atoms; the atoms within a row are 2.55 X 
9A. The arrangement of atoms on the (1, 1, 1) surface 
9B. The arrangement of atoms on the (1, 1, 0) surface 
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Figure 9. The Arrangement of Atoms on the (1, 1, 1) and (1, 1,0) Surfaces 
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apart, and the rows themselves are 3.62 X apart. Since the hard sphere 
diameter of a krypton atom, 3.67 X, is roughly the same as these dimen-
sions, it might be expected that the surface structure could influence 
adsorption behavior. 
Non-metallic adsorbents are often treated as collections of in-
dividual atoms, and lattice summation techniques may be employed to 
describe the gas-solid interaction. Metals are often treated as if the 
surface were smooth and homogeneous, since the lattice spacing is small 
compared to the equilibrium distance between the adsorbate and the metal 
0 
surface, which far example, has been reported to be about 3.77 A for 
the adsorption of krypton on a copper (1, 1, 1) surface.
18,19 
In such 
treainents, the adsorbate is assumed to interact with a homogeneous 
surface that has a density equal to the average atomic density of the 
particular surface structure. Since the distance of closest approach 
is taken to be the same for each surface, the interaction energy is 
always found to be lower for the less dense faces; or, for example, 
c1 (1, 1, 1) should be greater than q s (1, 1, 0). 
Kaspersma
19 
has applied several such treatments to describe the 
adsorption of argon, krypton, and xenon on three faces ((1, 1, 1), (1, 
1, 0), and (1, 0, 0)) of nickel and copper. In particular, he finds a 
minimum in the adsorption potential equal to 1628°K for the adsorption 
of krypton on copper (1, 1, 1) and a value of 1452°K for krypton adsorp-
tion on copper (1, 1, 0). 
It was decided that some estimate of the effect of the structure 
of metal surfaces could be obtained through a lattice summation 
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calculation. The method of calculation was to generate the lattice 
positions of some number of copper atoms, with a lattice spacing calcu-
lated from the density of copper. An atom at each of these positions 
then interacts according to the Lenard-Jones (6-12) potential with the 
adsorbate atom, which is located at a known position relative to the 
lattice. The collision diameter, ay -Cu  is taken to be (aKr  + aCu)/22 
where a
Cu 
 is varied until a potential function for the interaction of 
krypton with the (1, 1, 1) face of copper is obtained which has a mini- 
0 
mum occurring at 3.77 A, an experimental value determined in the previ- 
0 
ous studies. The value of a found in this manner was 3.89 A. Since 
Cu 
the dispersion interaction of krypton with the individual copper atoms 
in the metal is not known, a reduced quantity is calculated: 







The metal, then, is considered to be a collection of 9.89 A spheres, 
closest packed in a lattice structure, and spaced every 2.55 0 (the 
lattice spacing for copper). Since the atomic diameter is greater than 
the distance between lattice positions, the surface structure becomes 
smoothed out. The results are shown in figure 10, where five potential 
curves are given which were calculated by fixing the adsorbate coordi-
nates which were parallel to the plane of the surface. Then only the 
distance from the surface is varied, and the adsorbate moves directly 
up or down over the sites indicated in figure 9A and 9B. Notice that 
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Figure 10. The Reduced Poteptial as a Function of the Distance 









potential minima in figure 10 occur at the same distance from the sur-
face; but the interaction energy is much lower on the (1, 1, 0) surface. 
This is due to the less dense packing of the (1, 1, 0) surface atoms. 
However, the fact that it is a less dense structure means that the ad-
sorbate atom may be able to fit in between the surface atoms. Curves 
3 and 4 in figure 10 are a result of this; note that their potential 
minima occur at closer distances to the surface. Because of this, the 
interaction energy is much higher over these sites. Note also that the 
adsorbate is at a close distance to four copper atoms at site a, figure 
98, while an adsorbate on the (1, 1, 1) surface can contact a maximum 
of only three surface atoms. 
According to this model, the maximum interaction of krypton with 
the (1, 1, 0) surface of copper should be roughly the same as for the 
maximum interaction with the (1, 1, 1) surface; however, the fraction 
of the (1, 1, 0) surface which exhibits such sites is much lower than 
for the (1, 1, 1) surface. 
One other interesting feature should be noted. First note that 
the reduced interaction parameter U/ecu_Kr has a minimum value of -14.35 
at 3.77 X on the (1, 1, 1) surface. Carden reports a value of 1678°K 
for E'ls  /k in his study, so that if ECuKr  /k is taken to be 117°K, the 
lattice calculation will agree with Carden's data. From appendix B, the 
difference in reduced energy between sites a and c on the (1, 1, fl) face 
is AU/eCu- = 2.6, or AU/k = 304°K. At adsorption temperatures on the Kr 
order of 90°K, it would therefore be expected that most krypton atoms 
would not be able to pass over the rows of copper atoms. However, as 
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the difference in reduced energy between sites a and h is relatively 
small (76°K), the krypton atoms should be able to move freely in between 
two rows. 
The following chapters describe the equipment used in this study 
and give some experimental details. The results are analyzed by the 
virial treatment and compared with previous results. 
CHAPTER II 
EXPERIMENTAL 
This section concerns the experimental aspect of physical adsorp-
tion, and describes the various pieces of equipment which are used, the 
growth and characterization of the single crystals of copper, and how 
the equipment is used to make the isotherm measurements. 
Equipment 
A volumetric adsorption apparatus, designed and used to obtain 
isotherms for the copper (1, 1, 1) - krypton system, 17 was available 
for use in this study. The number of moles of adsorbed gas is found 
by taking pressure, volume, and temperature measurements of the adsorb-
ate before and after it comes in contact with the copper. Any apparent 
loss in the amount of gas after contact with the adsorbant represents 
the amount adsorbed. The following should serve as a description of the 
equipment, including some modifications that were made to it. 
Vacuum System  
An adsorbent surface must naturally be clean; free of any adsorbed 
contaminants. Metal surfaces have a high affinity for the residual 
gases usually found in vacuum systems. Consequently, an ultra-high 
vacuum environment is necessary to insure that a clean metal surface 
stays clean. 
The vacuum equipment was constructed entirely of glass and metal 
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parts. Glass was sealed to kovar, metal-metal seals were made either 
by welding or brazing, or by using rYenville-Phillips "Conflat" flanges 
or Cajon "VCR" couplings, both of which used metal (copper or nickel) 
gaskets, and, finally, all valves were Granville-Phillips ultra-high 
vacuum valves. 
A Grenville4'hillips model 225 pumping station, consisting of a 
Welch Duo-seal for(mmlo and a liquid nitrogen trapped triple stage dif-
fusion pump charged with Dow Corning 705 silicone fluid (a very lad 
- 
vapor pressure fluid; at room temperature its vapor pressure is 4,10 10  
torr), was used to pump the system. The system has been pumped down to 
-10 	 . 	-8 8 x 10 torr, but pressures in the mad 10 torr range were the low- 
est that were routinely accessible. These pressures were measured by a 
Veeco RG75P ionization gauge, a hot cathode (iridium filament) type. 
A schematic of the vacuum system used in this study is shown in 
figure 11, and differs from the original system in that a Quadrupole 
mass spectrometer head has been added, and gases other than krypton which 
were let into the system at valve 6 are now let in through valve 3. This 
second modification was made when the mass spectrometer revealed that 
the original vacuum system was being contaminated with long chain hydro-
carbons, the source of which was found to be the grease used in a mani-
fold with stopcocks. Although the ranifold was generally sealed from 
the rest of the vacuum system, it had to be pumped out through it. The 
present set up includes a separately pumped manifold with a bakeable 
charcoal trap, which is connected to the vacuum system at valve 3. 
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Fipure 11. Schematic of Vacuum System 
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contaminate the vacuum system. 
Most of the high vacuum section (excluding the sample cell, pumps, 
and an external manifold) was enclosed by an insulating asbestos fiber-
board and could be baked at 250°C by means of two 1 Kw radiant heaters. 
In order to prevent possible damage to some of the equipment, it was 
generally preferable to raise the temperature to only about 110°C for 
around five hours. This would result in a subsequent pressure in the 
mid 10
8 
torr range, if, as was usually the case, the system was not 
previously contaminated with hydrocarbons. The residual gases were 
principally water and carbon monoxide. 
Capacitance Manometer  
Volumetric adsorption techniques require accurate measures of 
the adsorbate pressure in order to find out how much adsorbate remains 
as a gas. The low surface area of the copper adsorbent and a relatively 
large dead space volume means that only a small amount of the total gas 
present should be adsorbed; the exact amount will then have to be found 
from the difference between two large numbers. 
An MKS "Baratron" capacitance manometer gauge, equipped with a 
model 90H-1 head, was used to measure the adsorbate pressure. The 90H-1 
head was entirely welded, made of metal and glass, and fully compatible 
with ultna-high vacuum equipment. It could measure a differential pres-
sure of up to 1 torr (it could withstand one atmosphere); the gauge 
readout could be expanded through eight ranges, from 3 x 10 -4 to 1 torr 
full scale. This particular pressure head had been calibrated by the 
manufacturer, and a table of such data was supplied with it. The 
70 
calibration corrections were always applied to the raw data. 
A 90H-300 head was attached to the system, but was not used. 
Temperature Measurement  
Temperature measurements were made by measuring the potentials 
of copper-constantan thermocouples. The previously used Leeds and North-
rup type K-2 potentiometer was replaced for this study by a Leeds and 
Northrup type K-3 potentiometer. 
Data from the International Critical Tables were used to convert 
the thermocouple EMF to temperature, for temperatures down to about 
80°K; however, this was not a sufficient range for the cryostat thermo-
couples, since temperatures could be between 68°K and 110°K. 
Between 68° and 113°K, the thermocouples were calibrated as fol-
lows. A dose of krypton, sufficiently large to insure that condensation 
would occur, was admitted to the cooled sample cell. The potentials of 
the thermocouples and the vapor pressure of krypton (using the 90H-1 
head) were recorded. From published krypton vapor pressure data,
20 
these potentials could be related to the absolute temperature. This 
procedure was repeated for nine temperatures between 68° and 75°K. A 
single point at 77.12°K was obtained when the thermocouples were immersed 
in liquid nitrogen boiling at an atmospheric pressure of 738.1 torr. 
The temperature of the liquid was found from the following equation for 
the vapor pressure of nitrogen: 
T(°K) = 255.82/(6.4959 - log 10Pmm) 	 (11-9) 
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where T(°K) is the absolute temperature and Pmm is the vapor pressure 
in mm of mercury. Finally, from 80° to 113°K the International Critical 
Tables were used to relate thermocouple potentials to the absolute 
temperature. The data from these three sources was then found to fit 
the following equation, good for cryostat temperatures between 68° and 
113°K: 
T(0K) = 1576.533 + 817.533(EMF) + 160.505(EMF) 2 + 11.1797(EMF) 3 (II-10) 
Mass Spectrometer  
The residual pas analyzer used here was a series 200 Electronic 
Associates, Inc. quadrupole mass spectrometer, with ranges of 1-50, 10-
150, and 50-500 atomic mass/charge units. It was found to be very use-
ful for monitoring the cleanliness of the vacuum system, the products 
of the oxidation and reduction treatments of the copper crystals (dis-
cussed later), and for finding the sources of leaks. 
The higher mass ranges could provide a quick check on hydrocarbon 
or silicone oil contamination. If these were not present, the higher 
mass ranges would show no signal above mie equal to about fifty; the 
lower mass range was used for identifying the presence of water, carbon 
nonoxide, and carbon dioxide. The presence of an oxygen peak would 
immediately indicate that there was a leak in the vacuum system. 
In the event there was some leak, the mass spectrometer would be 
set in a manual scan rode to detect only the mass of helium. The vari-
ous parts of the vacuum system would then be sprayed with helium; when 
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the leak area was sprayed, the presence of helium would be quickly indi-
cated by the spectrometer. 
Cryostat  
In order to calculate some of the thermodynamic quantities, the 
amount adsorbed must be known as a function of temperature. A cryostat 
had been constructed far this purpose, and could maintain a constant 
temperature bath for the sample cell to within 0.1°K between 78° and 
110°K, when using liquid nitrogen. A schematic of the cryostat is shown 
in figure 12. 
The temperature was regulated by means of controlling the vapor 
pressure of the liquid nitrogen. One end of a copper tube was sealed 
and inserted into the cryostat; the other end was connected to a U-tube 
mercury manometer, fitted with electrical contacts on one side. The 
copper tube could be filled with either oxygen (cryostat operation below 
95°K) or methane (from a natural gas outlet); a rising cryostat tempera-
ture would increase the vapor pressure of either of these, resulting 
in a movement of the mercury column which might then meet an electrical 
contact. In that event, a valve would open which would vent the cryo-
stat; the evaporating nitrogen would cool the bath and reverse the above 
process. 
Some of the liquid nitrogen was constantly boiling away and had 
to be replaced. The cryostat did this automatically, with a level 
controller that operated much like the temperature controller. One end 
of a copper tube was sealed and inserted through the top of the cryostat 
until the tip was just at the desired liquid level. The other end was 
Thrr,ttlezi 
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Figure 12. Schematic of the Cryostat (From Carden 18 ) 
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connected to a manometer similar to the one described above. When the 
liquid level falls below the tip of the copper tube, the rising vapor 
pressure of the gas sealed in it opens valve 1, figure 12, thus forcing 
liquid nitrogen to enter the cryostat from the condenser dewar. This 
condenser is an open dewar kept filled with liquid nitrogen, and con-
tains a coiled copper tube, through which the gaseous nitrogen must pass 
before it enters the cryostat. Since the pressures in the cryostat are 
always greater than atmospheric pressure, the gaseous nitrogen condenses 
before it enters the cryostat and raises the liquid level. 
The cryostat could not be filled directly from standard liquid 
nitrogen tanks, since at the time the cryostat was built, these had 
maximum operating pressures below those found in the cryostat. This is 
no longer true, and the cryostat could be easily modified to accept 
liquid nitrogen directly from a commercial tank. 
It was decided to extend the range of the cryostat to include 
temperatures below 776K (the boiling terperature of nitrogen at 1 atm.) 
so that the vapor pressure of krypton would fall below one torr, and 
then multilayer adsorption could be observed. This requires that the 
pressure in the cryostat be maintained below one atm; for this purpose 
a vacuum line containing a solenoid valve was installed between the 
cryostat and a 24 ft 3/min rotary vane vacuum pump. The solenoid valve 
replaces valve #2, so that the temperature regulator opens the line 
leading to the vacuum pump when the cryostat temperature starts to rise. 
The operation of the bath level controller also had to be changed. 
Since the cryostat pressure was less than atmospheric pressure, no 
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liquid nitrogen would farm in the condenser. Satisfactory operation 
was obtained by immersing another solenoid valve directly in a dewar 
of liquid nitrogen. This valve was attached directly to the cryostat 
by means of a short length of thick•walled rubber tubing, which served 
as a good thermal insulator. This valve then replaced solenoid valve 
#1 in figure 12, so that when the bath level falls too low, the immersed 
solenoid opens and liquid nitrogen is drawn into the cryostat. This 
operation would frequently cause the temperature to rise perhaps 0.3°K, 
since the incoming liquid nitrogen was warmer than that already present. 
Sample Cell  
During the isotherm measurements the copper crystals must reside 
in some leak-tight container attached to the vacuum system. This con-
tainer must be able to withstand a temperature range of 70° to 650°K 
without leaking, and without contaminating the crystals. It should also 
have the smallest surface area and volume possible. Its inside surface 
characteristics should be reproducible and not change after, say, a bake-
out performed in order to clean it up after exposure to the atmosphere. 
Finally, the material it is constructed of must be hard enough to crush 
a metal gasket and form a leak tight seal. The design of the cell is 
shown in figure 13; the cell was machined from a rod of solid nickel. 
The inside of the cell was electropolished using a 75 percent acetic 
acid and 25 percent perchloric acid electrolyte. The cathode consisted 
of a stainless steel tube suspended down the center of the cell, and was 
prevented from touching the bottom by means of a pointed teflon spacer. 







Figure 13. Diagram of the Sample Cell 
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empty sample cell was attributed to an oxidized stainless steel tube 
which connected the sample cell to the vacuum system. A copper tube 
had therefore been tried, but it developed cracks at silver solder 
joints and leaked. It was decided for this study to again use 1/8" 
Q.D. copper tubing to alleviate the problem of a high roughness factor, 
and to use a gold-nickel brazing alloy at the solder joints. This 
arrangement also eventually leaked. 
Nickel will form a reducible oxide film under the same conditions 
that stainless steel will form an irreducible film, but the smallest 
available nickel tube had an inside diameter of 0.46 cm., and would 
therefore contribute to an already large dead space volume. The final 
configuration settled upon was to use an eight inch length of nickel 
tubing soldered to the sample cell. The other end, which extends just 
beyond the top of the cryostat, was brazed with a gold-nickel alloy to 
a two foot length of 1/8" O.D. stainless steel tubing that attached to 
the vacuum system. This did not leak, and was expected to alleviate the 
problem of a high roughness factor for the cell. 
The top of the cell was sealed to the bottom by means of a copper 
gasket. A piece of copper sheet was formed to fit between the top and 
bottom of the cell. This was trimmed and annealed, and was then placed 
again between the top and bottom of the cell. These were then bolted 
together with eight stainless steel bolts. Upon tightening of these 
bolts, a vacuum tight seal was formed. 
Adsorption System  
When isotherm measurements are being taken, only a part of the 
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vacuum system is used, and is sealed off by closing valves 8 and 9 in 
figure 14. This part of the system represents the volumetric adsorp-
tion system. All volumes within this part are accurately known, so 
that just pressure and temperature measurements will reveal the number 
of moles of gas residing in some particular volume. 
In order to calibrate these volumes, a piece of equipment refer-
red to as the primary calibrated volume, PCV, was attached to the ad-
sorption system in place of the sample cell (see figure 12). The vol-
ume of the glass bulb of the PCV, V pcv , was accurately determined by 
weighing the amount of mercury it took to fill it; the volume can be 
found from a knowledge of the density of mercury at the appropriate 
temperature. The volume of the PCV from the end of the Cajon fitting 
to the stopcock, Vilcv , was also determined in this manner. 
With the PCV in place, the entire system is evacuated through 
valve 9. Then valves 9 and 7 and the PCV stopcock are closed, and valve 
5 is used to admit about 0.7 torr of helium into the gas pipet volume. 
This first step is concluded by recording the EMF of thermocouples 2, 
3, and 4, and recording the pressure as P l . 
The second step consists of opening valve 7, and after the pres-
sure has stopped changing, the potentials of thermocouples 2, 3, 4, and 
5 are recorded, as well as the pressuna, P 2 . 
Finally, the stopcock on the PCV is opened. The potentials of 
thermocouples 1, 2, 3, 4, and 5 are recorded along with the pressure, 
P3 . 
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Figure 14. Diagram of the Adsorption System 
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volume denoted as V2 (figure 14). The pipet volume includes the tubes 
leading to the two capacitance manometer heads, which are kept above the 
temperature of the rest of the system. It then becomes necessary to 
divide this volume into three separate regions, each maintained at a 
different temperature: V 1 for the volume which is maintained at the 
temperature of the 90H-1 head, V 300 for the 90H-300 head, and VT) for 
the rest of the pipet volume. If the temperature given by thermocouple 
th X during the . step is denoted by ' • then the number of moles of rxi , 
gas in the pipet volume in the first step is given by 
n1 = (P1/R)[(V1 /T31 )  + (V300/T21) + (Vp/T41 )] 
The use of the ideal gas law under these conditions introduces less 
error than the experimental measurements. 
The number of moles in the system in the second step is given by 
n2 = (P2/R)[(V1/T32) 	(V300/T22) 
(Vp/T42 ) + (Ey 2 	PCV + v i 1/T52  )] 
and in the final step 
n3  = (P3  /R)CV1  /T33  ) + (V300/T23)  + (VP 
 /T4
3 
 ) + 
(EV2 VPCO/T5 3) (VPCV/T13)3 
Since the adsorption system is closed, n 1 = n2 = n3, and equation (II-11) 
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can be equated with equation (II-12) to give a relation between V and 
V2 . VP 
CV  has already been determined, and V 1 and V300 
 were determined 
geometricallyfrom data supplied by the manufacturer of the pressure 
heads. This relation can then be substituted into equation (II-13) to 
give either V or V2 as the only unknown. 
The sample cell is now attached to the system in place of the 
PCV. The volume of the tubing leading to the cell is determined by 
geometry, leaving the volume of the cell, V sc , as the only one still 
undetermined. As before, the system is evacuated through valve 9, then 
a dose of helium is leaked into the pipet volume. The dose is measured 
and expanded into the sample cell, then measured again. This data can 
be analyzed to give Vsc . Table 6 gives the experimental values far the 
volumes discussed above. 
Copper Crystals 
Six single crystals of copper were grown for this study. Their 
dimensions were approximately 80 x 9 x 0.7 mm, and the broad face was 
parallel to the (1, 1, 0) plane. The crystals were grown using the 
Bridgemann technique, in which a graphite crucible, of the form shown 
in figure 15, is used. This crucible. is filled with copper as shown, 
then sealed and placed in a furnace. 
The furnace used here was borrowed from the Georgia Tech Engi-
neering Experiment Station. It was specially designed by Dr. W. R. 
Livesay of the Georgia Tech EES for the purpose of growing metal crys-
tals. Russell E. Eibling modified it and successfully grew several of 
the first (1, 1, 0) crystals. 
Table 6. Volumes of the Adsorption System Shown in Figure 14. 







V 	(empty) sc  16.650 










FRONT 	 BACK 
f 
Figure 15. A Diagram of the Graphite Crucible Used to Grow 
the Copper Crystals. It consisted of a front and 
back piece which could be secured together by mans 
of two threaded end caps. 
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The procedure used in gnawing the crystals is as follows. The 
crucible is placed in the furnace with the seed crystal at the bottom. 
The crucible is positioned so that the melt line falls just below the 
top of the seed crystal. The position of the melt line, previously 
determined by Eiblinp by trial-and-error methods, is where molten copper 
interfaces with solid copper when the furnace reaches its steady state 
temperature. With the crucible in position, the furnace chamber is 
evacuated and the furnace brought up to operating temperature. Typi-
cally, a vacuum in the 10 5  torn range could be maintained during crys-
tal growth. The crucible is then slowly lowered out of the furnace, at 
a rate of two inches per hour, until the melt line clears the top of 
the new crystal. 
The single piece of copper is then removed from the crucible and 
etched with cold, concentrated nitric acid. The crystal orientation was 
checked by observing acid etch patterns through a Zeiss metal microscope. 
These patterns are characteristic of the particular surface structure. 
For example, triangles are observed on the (1, 1, 1) face, squares an 
the (1, 0, 0), and rectangles on the (1, 1, 0) face.
21 
Their formation 
depends on the fact that the nitric acid attacks different surface struc-
tures at different rates. The most dense packings (for example, the 
(1, 1, 1) structure) are attacked the slowest. Although acid etch pat-
terns are sometimes difficult to observe, particularly on the (1, 1, 0) 
face, grain boundaries always show up clearly upon acid etching. If 
grain boundaries were observed, the new crystal was always rejected. 
If none were observed, the piece of copper was taken to be a single 
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crystal, with the orientation of the seed crystal. The rectangular 
etch pits characteristic of a (1, 1, 0) face also could be observed. 
When it was decided to keep a crystal, a small jeweler's saw 
was used to cut off the seed portion. A block of graphite, with a 
groove machined in it, served to hold the crystal during this operation. 
The seed crystal could then be reused. A small hole was drilled near 
one end of the other crystal, so that it could be hung in the samrle 
cell. 
After acid etching, the surface of the crystal is very rough. 
It should be as smooth and as flat as possible, to insure that a maxi-
mum amount of the surface actually is parallel to the (1, 1, 0) plane. 
A procedure for obtaining a flat and shiny copper surface by electro-
polishing has been described 
,22,23 
 and was used here. It consisted, 
basically, of attaching the crystal to a larger copper block which 
served as the anode. These were placed in an electrolyte in which a 
large surface area copper cathode was also immersed. The electrolyte 
was made by dissolving 10-15 grans of copper oxide in a liter of con-
centrated phosphoric acid. The anodic overvoltage on the crystal was 
monitored and maintained at 1.0 volts. Electropolishing was continued 
until the surface appeared to have the very shiny, relatively flat 
characteristics which were sought. 
Procedure for Measuring  Isotherms  
The crystals had to have a clean surface before any isotherm 
measurements could be taken. Simply heating the crystals in a vacuum 
will drive off most of the likely contaminants, such as oxygen, carbon 
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monoxide, carbon dioxide, water, or some hydrocarbons. However, evi-
dence obtained from Auger spectroscopy indicates that elemental carbon 
is an ubiquitous contaminant on metals, and that simple heating will 
not remove it. Removal on copper can be accomplished if the heating is 
done in the presence of some small amount of oxygen, in which case the 
carbon can be burned off. During this process, the crystals themselves 
might oxidize, so that a subsequent cleaning step should be a reduction 
with hydrogen. The details of this procedure will he given in the next 
chapter. 
Cleaning the blank cell or the crystals by such an oxidation and 
reduction procedure lust described releases much carbon monoxide, carbon 
dioxide, and water into the yaouum system. These take a long time to 
pump out, as they adhere well to the stainless steel or the glass com-
ponents of the vacuum system. The next step, then, is to bake out the 
vacuum system and the sample cell together in order to achieve a pres-
sure in the mid to lower 108 torr range. Subsequent bake-outs of the 
sample cell alone, after exposures to such low pressures for several 
days, would show some contamination by carbon monoxide. Consequently, 
before every isotherm, the cell was baked out at 250 0-300°C for nearly 
an hour. This was a sufficiently long period of time, since carbon 
monoxide evolution had always ceased after about an hour. 
The adsorption isotherm on the copper crystals cannot be obtained 
directly. The geometric surface areas of the crystals and of the inside 
of the sample cell were roughly eoual, so that there should be roughly 
equal adsorption on both surfaces. An isotherm on copper must then be 
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found by running an isotherm on the sample cell when it contains the 
crystals and also when it is empty. The difference in the two isotherms 
represents adsorption on the crystals. Obviously, care must be taken 
to insure that the nature of the sample cell surface is the same in 
both situations, and so identical cleaning procedures are employed in 
preparation for each type of isotherm. 
Once the adsorbent surface has been thoroughly cleaned, the iso-
therm measurements can begin. The cell, either empty or holding the 
crystals, will have just been baked out, and the background pressure 
should be in the mid to lower 10 8 torn range. The adsorption part of 
the vacuum system, detailed in figure 14, is now sealed off. The cryo-
stat is filled with liquid nitrogen and brought to the desired tempera-
ture. If the crystals are in the sample cell, they will cool down very 
slowly, as they are suspended in a vacuum. To insure thermal equilib-
rium between the crystals and the nilsopen bath, about one torr of 
helium is admitted into the evacuated adsorption system and sample cell 
through valve 9, figure 5; valve 9 is then closed. (The helium is As-
sayed Reagent Grade (Air Reduction Sales Company); it was passed through 
an activated charcoal trap maintained at liquid nitrogen temperature 
before entering the vacuum system. This trap was so efficient at re-
moving impurities that an equivalent size dose of hydrogen would not 
pass through it.) As the crystals cool, the helium pressure drops. 
The pressure is monitored, and when it stops changing, it is assumed 
that thermal equilibrium has been established. 
The helium is then evacuated by opening valve 9. When the 
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background pressure drops to its previous level, then all of the helium 
has been pumped out and valve 9 is closed. Valve 7 is also closed, then 
valve 5 opened slightly to admit a dose of krypton into the gas pipet; 
then it is closed. When the pressure in the pipet becomes constant, it 
is recorded as the initial pressure, and the potentials of thermocouples 
2, 3, and 4 are read to give the initial temperatures. The output of 
the capacitance manometer gauge is fed to a strip chart recorder, so 
that it is easy to tell when the pressure has settled to a constant 
value. Valve 7 is now opened, allowing the dose of krypton (the number 
of moles of which are now known by virtue of the data lust taken) access 
to the sample cell. When the pressure again reaches a constant value, 
it is recorded as the final pressure, and the potentials of all of the 
thermocouples are recorded. This data will reveal the number of moles 
still in the gas phase after exposure to the adsorbent. 
The next step is to close valve 7, then use valve 5 to admit more 
krypton into the pipet. The procedure given above is then repeated for 
this second dose. The adsorption measurements continue with additional 
doses until the final pressure in the cell is between 0.7 and 0.8 torr. 
The number of moles of gas in the pipet volume before valve 7 is 
opened is given by 
n. = (P./R)[(V 300  /T2.) + (V1  /7.3.) + (Vp  /T4.)] 
	
(IT-14) 
where ni is the initial number of moles, Pi is the initial pressure, and 
T2i , for example, is the temperature given by thermocouple number 2 in 
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the initial phase of the dose,and V 300 , Vi , and Vp are volumes defined 
in the last section. 
Several complications arise when the final number of moles is 
calculated. Under operating conditions, there is a large temperature 
difference between the adsorbate pressure gauge and the sample cell. 
A large part of this thermal gradient is across the nickel tubing in 
the cryostat. Consequently, thermal transpiration corrections, accord- 
ing to the method of Miller,
26 
 were made for the pressures in the sample 
cell and in the nickel tube. Furtherrore, the length of the nickel tube 
was divided into six separate temperature regions, and the stainless 
steel portion of the line to the sainie cell was divided into two por-
tions, one of which was effectively maintained at TR, taken to be about 
280°K. If the final pressure that has been corrected for thermal tran-
spiration is denoted as 11, then an expression for the final number of 
moles of gas is 
of  (Pf/R)[(V 300 /T2f) + (V1/T3f) + (Vp/T4f) + ([V2 + 0.789Vas ]/T5 f) + 
(0.211Vss/TR)] + (VNi/R)[(4/13)(P1!-/T1f) + (1/26)(PPT(7 - 1)f) + 
(2/13)(4/T7f) + (3/26)(PPT(6 - 7)f) + (2/13)(14/T6f) + 
(1/26)(4/T(8 - 6)f)] + 11Vse/RT8f 	 (II-15) 
where T(8 - 6) f = T8fT6f/(T8f + T6f). 
For the first dose, the number of moles adsorbed, n a, is given by 
the difference between ni  and nf' For all succeeding doses, the calcu- 
lation of na is somewhat different because the dose is not expanded into 
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an evacuated cell. The number of moles remaining outside of the pipet 
volume when valve 7 is closed to pet ready for the second dose is 
nR,1 = nil - (Ff,i/R)[(V300/T2 fl1 ) + (1/1/T3f,1) + (Vp/T4f,1 )] 	(II-16) 
where the second subscript indicates the dose number. 
In general, the number of moles remaining outside of the gas 
pipet in preparation for the PI dose is 
nR9j = ni,(i - 1) - (Pfsj/R)[(V 300/T2 f9 (j _ 1 )) + (1/1/T3f,(j - 1 )) + 
	
(Vp/T4f1 (i _ 1))] + b i 	1 niz tb 	 (II-17) 
b = 2 
th 
Finally, the number of moles adsorbed after the j--- dose is given by 
n • = n. . + n • - o
f 




This chapter describes the results of the cleaning procedure that 
was performed on the nickel cell and the copper crystals. The isotherms 
that were run on the clean metal surfaces are also given. Finally, 
these results are analyzed by the virial treatment discussed in the 
introduction. 
Nickel Cell 
Before any isotherms were run on the empty cell, it was cleaned 
according to the procedure given below. The oxygen and hydrogen were 
Assayed Reagent grade (Air Products Co.) which were passed through an 
activated charcoal trap maintained at dry ice temperature. When needed, 
these gases were leaked into the adsorption part of the vacuum system 
(see figure 14) which was then sealed. The pressure of the gases and 
the resulting reaction products were measured with the Baratron capaci-
tance manometer. 
The cell was cleaned by placing a heating coil around it and 
raising the temperature to 450°C (an iron-constantan thermocouple was 
used for these measurements). Large amounts of CO and CO 2 were ini-
tially driven off, but the outgassing became very slow after about one 
hour. It was observed that the CO began to desorb in significant 
amounts at about 250°C. 
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Next, valve 9 in figure 14 was closed, and about 0.5 torr of 
oxygen (the equivalent of several monolayers on the cell walls) was 
bled into the gas pipet by means of valve 5. Valve 7 was then opened, 
and the pressure dropped rapidly as the gas expanded into the sample 
cell. After that, the pressure at first fell slowly, then began to rise 
slowly. After approximately 30 minutes, valve 9 was opened in order 
to evacuate the cell and analyze the gaseous products, which were found 
to be CO, CO2 , and some 02 . Apparently, CO2 is first formed, which 
then reacts with additional carbon to form CO, resulting in the slow 
pressure rise which was observed. This was checked by noting that the 
CO/C02 ratio always increased the longer the gas was kept in the hot 
sample cell. 
After the cell was evacuated, the above procedure was repeated, 
but the oxygen pas was replaced by hydrogen. As before, the pressure 
dropped rapidly when the gas was first let into the cell. The pressure 
then fell slowly over a period of about an hour, at which tire the pres-
sure had fallen to about 0.03 torr. Apparently, the hydrogen had not 
found any oxides to react with and no water was formed; the nickel was 
apparently absorbing the hydrogen. The mess spectrometer subsequently 
revealed that a small amount of water had formed. 
The cleaning process was repeated several more times, always 
with the same result. It appeared that there was always the same large 
amount of carbon present each time oxygen was admitted to the cell; the 
equivalent of about ten monolayers of carbon was actually removed. 
It was decided at this time that only a reproducible cell surface, 
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not necessarily a clean one, was required. An isotherm should then be 
run, the cell cleaned again, and the same isotherm repeated to see if 
the surface changed as a result of the cleaning procedure. When this 
was done, it was found that the adsorption increased about two percent 
after the second cleaning, so the cell surface had changed very little, 
if any, since this was within experimental error. 
Confident that a reproducible nickel surface could be obtained, 
four isotherms on the empty cell were run at 79.0°, 90.8°, 100.7°, and 
107.7°K. These are shown in figure 16. 
The following BET equation, given by Brunaur, Emmett, and 
Teller,
24 
can be used to find the surface area of the adsorbent: 
X/Va(1 - X) = [1/Vrp] + [(C - 1)X/Vmp] 	 (11-19) 
where X = P/P0 (P is the hydrostatic pressure of the adsorbate and Po 
 is its vapor pressure), Va is the volume adsorbed under the conditions
of standard temperature and pressure, and V m is the volume of adsorbed 
gas which would comprise one monolayer. This last quantity can be 
found from a plot of X/(Va(1 - X)) vs X; then Vm = (slope + intercept) -1 . 
The surface area can then be found from a knowledge of the area occupied 
by one adsorbate molecule when one rronolayer is farmed. 
Using a value for the area of the krypton adsorbate as 14.6 R 2 , 
the BET area of the nickel cell was found to be 110 cm 2 . As the geo-
metric area of the cell was 49 cm2 , the roughness factor of the cell is 
then 2.25. 
0
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Fipure 16. Isotherms on the Nickel Cell 
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Copper Crystals  
It was decided to check out the instrument by reproducing 
Carden's earlier data. The sample cell was opened, but with great dif-
ficulty because the gasket had partially fused to the nickel. Six of 
the seven (1, 1, 1) copper crystals used earlier were placed in it. 
The cell was then sealed, evacuated and the cleaning precedure just 
described was begun. The cell was only heated to 350°C, to make subse-
quent opening of the cell easier. The cleaning behavior was different 
this time in that after several oxidation treatments, CO and CO2 were 
no longer being formed. Instead, after several doses, the 02 that was 
admitted to the cell was completely adsorbed. Subsequent reductions 
yielded much H2O, indicating that the carbon had been removed from 
the cell, and that metal oxides were being formed in the oxidations. 
The first isotherm was run on the apparently clean cell. The 
results are shown in figure 17. The difference between this isotherm 
and the isotherm on the empty cell is very much different from the iso-
therm on the (1, 1, 1) crystals reported by Carden. The crystals 
appeared now to have a very much higher surface area. 
The cell was baked at a temperature of 450°C, then another iso-
therm was run, which resulted in an even higher adsorption than the 
first. A previous investigation into the interaction of copper 
(1, 1, 1) with krypton" had noted a similar difficulty; an apparent 
increase in surface area after a bakeout. In the previous study, the 
crystals were removed from the cell and etched with nitric acid. A 
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Figure 17. Adsorption Isotherms at 79.0° K. Curve A was the experimental 
result, curve C is Carden's result for the adsorption of krypton 
on copper (1, 1, 1). Curve B is the difference between curve A 
and the 79.0° K adsorption isotherm in Figure 16. 
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to contamination by silver solder flux, and this was taken to be the 
cause of the increased adsorption. In this study, the crystals were 
similarly removed and examined, but no contamination was found. 
Further investigation of the problem revealed that copper readily 
sublimes in a vacuum (possibly requiring the presence of a small amount 
of H2 ) at temperatures on the order of 300-350°C. A copper crystal was 
hung in an evacuated quartz tube, and then heated by means of an external 
resistance heating coil. When H2 was leaked into the tube, the presence 
of a shiny copper film immediately became apparent on the walls of the 
quartz tube. Whether a copper oxide film, which would be more difficult 
to see, was present on the glass prior to the admission of H2 is not 
known. 
A close examination of the present condition of the nickel cell 
revealed that the surface was less shiny than before the crystals were 
placed in it, and that the surface had the appearance of being dusty. 
The cell was washed with distilled water, and the dusty material, appar-
ently sublimed copper, was removed. 
This second cleaning with the crystals present was apparently 
able to remove all of the carbon from the system, whereas the first one 
was not. It becomes clear that the nickel was the source of the carbon, 
and that it became covered with an evaporated copper film which was 
impermeable to carbon; furthermore, carbon could in fact be removed 
from copper. 
The cleaning procedure was revised, hopefully to correct this 
problem. The oxypen or hydrogen gas are to be let into the cell at 
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room temperature, then about 500 torr of argon will be leaked in. The 
temperature should then be raised to about 350°C for 30 minutes, and 
then cooled. When the temperature has fallen below 275°C, the cell may 
be evacuated. 
Isotherms on the cell with the crystals in it should be obtained 
first, so that the initial cleaning procedure will deposit a certain 
amount of copper on the cell wall (and possibly the new procedure will 
keep the amount to a minimum); subsequent bakeouts, until the crystals 
are removed, should then not exceed 250°C so that no additional amount 
of copper would sublime. Isotherms may then be run on the empty cell, 
which should still contain whatever amount of copper was deposited in 
it in the first place. 
The copper (1, 1, 0) crystals described in the last section were 
now ready, so these were placed in the cell and cleaned according to the 
revised procedure. (Isotherms on the (1, 1, 1) crystals were not ob-
tained.) Five krypton adsorption isotherms on the (1, 1, 0) crystals 
were then run at 72.8°, 79.9°, 92.2°, 101.6 ° , and 108.1°K. 
The crystals were then removed, and the empty cell was cleaned 
by the revised procedure. Five more isotherms, at the same temperatures 
as before, were obtained. 
The adsorption isotherms on the (1, 1, 0) crystals of copper were 
obtained at each temperature by subtracting the isotherm on the empty 
cell from the isotherm on the cell plus the crystals. This was done by 
drawing a smooth, best fitting line through each set of data points for 
each isotherm, and taking the difference between the smooth lines. The 
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resulting isotherms on the (1, 1, 0) face of copper are shown in figure 
18. 
Analysis of Results  
BET Analysis  
The BET analysis was applied to the 72.8° and 79.9°K isotherms, 
which resulted in surface areas of 89 and 75 cm 2 when using 14.6 X2 as 
the area per krypton atom. The geometric area was measured and found 
to be 89 cm2 , with approximately 7.5 cm2 of that awing to edge area. 
Virial Analysis  
It was found in this study, as well as Carden's, that the linear 
portion of the isotherm does not extrapolate throuph zero (figure 19). 
This makes a straightforward application of the virial analysis impos-
sible. The procedure used here was given by Thomas, Ramsey, and 
Pierotti, 25 and assumed that this additional adsorption could be de-
scribed by the Langmuir equation: 
na = 1-13/(1 + bP) 
	
(II-20) 
h • where nyn is the number of moles of adsorbate which would form a single 
molecular layer on the high energy surface responsible for the addi-
tional adsorption, b is a parameter related to the energy of adsorption, 
and P is the adsorbate pressure. Over the low coverage portion of an 
isotherm, for example that given in figure 19, the adsorption is deter-
mined by B2s , and 














































Figure 19. The Low Coverage Part of the 101.6° K Isotherms. 
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na  = na  + B2s  (P/RT) 
Values of ril and b are chosen so that the resulting Langmuir 
isotherm, when subtracted from experimental data points, gives the best 
straight line. For example, the curve shown in figure 19 was broken 
down by this procedure into the two curves shown in figure 20. This 
procedure was repeated for the 108.1° and 92.2°K isotherms. These three 
values of 111.1r1 were then averaged, and the result was also used for the 
79.9° and 72.7°K isotherms. 
The slope of the straight line remaining after the Langmuir 
adsorption has been subtracted is the value of B 2s/RT. The experimental 
values of B2s , r, and b are given in table 7. 
This data was then fitted to equation (II-7); the best fit values 
were cls/k = 1672°K and Az0 = 9.52 x 10-7  cm3  . Figure 21 shows the 
experimental values, with the solid line given by equation (II-7). The 
goodness of the fit is indicated by the standard deviations between 
theoretical (equation (II-7)), and experimental values of lnAz o ; for 
this data alnAz0 = 0.30. 
Error Analysis  
The uncertainty in the isotherm points could be estimated by 
first considering the errors associated with the temperature and pres-
sure readings. These errors could then be applied to a set of experi-
mental isotherm data points in such a way as to produce the largest 
change in the number of adsorbed moles. When this procedure was applied 
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Figure 20. The Linearization of the 101.6° K Isotherm. 
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Figure 21. In B2s versus 1/T. 
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it was found that such changes would produce an error of 2-3% in the 
number of moles adsorbed on the crystals of copper. However, the indi-
vidual isotherms could be reproduced to no better than about t10% of 
the number of moles adsorbed. For this reason, the B 2s data on the 
copper-krypton isotherms is probably good to about 20%. Figure 22 pre-
sents a plot of 1nB2s vs 1/T, with the error bars accounting for the 
approxirately 20% deviation allowed in the values of B 2s. The solid 
line corresponds to the best fit of equation (I1-7) to the experimental 
data. Other reasonable lines drawn within the experimental error bars 
lead to the conclusion that the best fit value of qs/k could be too 
low by about 25°, or too high by about 100°K. The value of ci s/k should 
then lie between the values of 1572° and 1698°K, the most likely value 
being about 1672°K. 
Discussion  
The cleaning procedure on the empty nickel cell indicated that 
much carbon was present on the nickel. This carbon is apparently not 
spread over the entire metal surface, but must be concentrated in very 
small areas (one possibility is that it is concentrated at grain bounda-
ries). This conclusion is drawn because the krypton isotherms in figure 
16 indicate a very strong interaction between the surface and krypton; 
it is even a stronger interaction than between krypton and the copper 
(1, 1, 0) crystals. On the other hand, the interaction of krypton with 
carbon is known to be much weaker than with copper. 
Figure 23 compares the results of Carden's study on the (1, 1, 1) 
crystals with the present results on the (1, 1, 0) crystals. The slopes 
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Figure 23. In B2s versus 1/T, Comparing Copper (1, 1, 1) and (1, 1, 0) 
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of the lines are related to the interaction parameters, q s/kT, while 
the vertical position of the lines is related to the surface area. The 
geometric area of Carden's crystals was lower than the crystals used 
in this study; 78 cm2 as compared to 89 cm2 . Yet, the surface area as 
given by the virial analysis indicates a much lower area for the 
(1, 1, 0) crystals as compared to the (1, 1, 1) crystals because the 
best-fit line in figure 23 for the (1, 1, 0) crystals lies below the 
other line. The slopes are approxinately equal, so that the interaction 
parameters are roughly equal. Quantitatively, if the value of Az 0 is 
divided by z0 - 3.4 x 10 cm, then A is found to be 28 cm 2 . The area 	
8 
 
that Carden found from his virial analysis was 49 cm 2 . 
The (1, 1, 0) surface thus appears to be similar to the model 
given in the introduction, where the metal was assumed to be a collection 
0 
of 3.89 A' spheres spaced 2.55 A apart. The potential curves given in 
figure 10 showed that some fraction of the (1, 1, 0) surface could inter-
act with krypton as strongly as could the (1, 1, 1) surface. Since the 
sites of highest interaction should be selectively populated first, 
these are the sites that the low coverage virial analysis should find. 
CHAP= IV 
CONCLUSIONS AND RECOMMENDATIONS FOR FURTHER STUDY 
Conclusions  
The interaction parameters ci s/k and Az0 have been obtained for 
the krypton-copper (1, 1, 0) system and were found to be 1672°K and 
9.52 x 107  cm3 respectively. These values seem to indicate, according 
to the lattice calculation presented in the introduction, that the view 
which considers the metal surface to be energetically homogeneous is 
inadequate, and that adsorption on the (1, 1, 0) surface is influenced 
by a variation of the adsorption potential within the surface plane. 
This is because the value of c'
ls
/k is larger than such theories predict; 
furthermore, the low value of Az 0 means that this particular energy 
is characteristic of only a small fraction of the surface. However, 
the magnitude of the experimental errors is such that this conclusion 
warrants further investigation. 
Recommendations for Further Study  
Various improvements could he made on the present equipment which 
would greatly improve the precision of the data. Probably the greatest 
experimental error is due to the operation of the cryostat, which causes 
large pressure fluctuations that far exceed the precision of the capaci-
tance manometer. Thus it is not possible to take full advantage of the 
high precision of this instrument, because of temperature fluctuations 
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and changes in the liquid nitrogen level in the cryostat. It is recom-
mended that proportional temperature and level controllers be installed 
on the cryostat. 
Another source of error results in large temperature fluctuations 
in the vapor above the liquid nitrogen in the cryostat. This changes 
the temperature of the nickel tube which leads to the sample. The re-
sulting pressure fluctuations could be reduced if the volume of the tube 
were reduced. Since the source of the high roughness factor found in 
the previous study was not due to an oxide film on the stainless steel 
tube, it is recommended that the nickel tube be replaced by a small 
diameter stainless steel tube. 
Finally, the results of the lattice summation given in the intro-
duction indicate that the krypton atoms may not be able to pass over the 
rows of copper atoms, since the energy barrier is larger than the 
thermal energy. From the geometry of the copper (1, 1, 0) surface, it 
can be seen that adsorbate atoms which occupy an effective area of 15.1 
X2/molecule can just form a close packed structure and remain in reg-
istry with the copper surface. This packing density is the same as that 
found in bulk liquid krypton. Larger atoms would not be able to close 
pack, and would appear to occupy an unusually large area per molecule 
on the (1, 1, 0) surface. The question of whether the adsorbate atoms 
are constrained to move between rows of copper atoms might then be 
answered by observing the monolayer coverage of Xe atoms adsorbed on 
a copper (1, 1, 0) surface, and comparing this with the behavior of 
krypton. 
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Finally, Auger spectroscopy should be used to confirm that the 
cleaning procedure actually does result in a clean surface. Low energy 
electron diffraction should also be used to find out if the resulting 
surface has the (1, 1, 0) structure. With regard to the nickel cell, 
the cleaning procedure indicated gross contamination with carbon, and 
yet the krypton isotherms were indicative of a bare nickel surface. 
This point might be profitably investigated with scanning Auger spec-
troscopy. 
APPENDIX A 
Coefficients of Equation (I-101) Used to Represent the 
Molar Volume of Liquid Argon 
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'Able 8. Coefficients of Equation (1-101) Used to Represent the Molar 




cm3 /gm mole 
A2 x 10
2 
cm3/17 mole atm 
A
3 
x 10 s 
cm3/gm mole atm2 
85 28.376544 -0.74713828 2.7431250 
90 29.066305 -0.97441015 2.7430468 
95 29.822848 -1.2016921 2.7431250 
100 30.646175 -1.4289687 2.7431250 
105 31.536285 -1.6562476 2.7431250 
110 32.493169 -1.8835218 2.7431250 
115 33.516860 -2.1108132 2.7431250 
120 34.607303 -2.3380687 2.7431250 
125 35.764544 -2.5653500 2.7431250 
130 36.988576 -2.7926257 2.7430468 
135 39.536852 -6.0946968 18.879609 
140 41.755423 -7.1804382 18.879609 
145 44.011321 -8.2661687 18.879531 
* This table of values was taken from Mullins and Ziepleri . 
APPENDIX B 
Reduced Potential Energy as a Function of Krypton 
Distance above a (1, 1, 1) and (1, 1, 0) Surface 
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In tables 9-13, z is the distance between the krypton atom and a 
plane running through the centers of the surface atoms. 
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Table 25. Copper (1, 1, 0) Isotherm Data at 79.9°K 
Equilibrium 
Pressure 
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